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COUPLING OF LIGHT FROM A NON-CIRCULAR LIGHT SOURCE 

BACKGROUND OF THE INVENTION 
5 Cross-reference to Related Applications: 

[0001] This application claims priority to Provisional Applications Serial No. 

60/272,304, filed March 2, 2001, and Serial No. 60/294,590,filed June 1, 2001, the 

disclosures of which are incorporated by reference. 
u Field of the Invention: 

lj| [0002] This invention relates to systems for collecting and condensing light from a 

fSPl 

B non-circular source to a circular target for illumination and projection systems. 
Background of the Invention: 
[0003] An objective of systems that collect, condense, and couple electromagnetic 
g radiation into a standard waveguide, such as a single fiber or fiber bundle, or that output 

igj electromagnetic radiation to a homogenizer of a projector, is to maximize the brightness 

W 

of the electromagnetic radiation at a target. There are several common systems for 
collecting and condensing light from a lamp for such illumination and projection 
systems. Some of these may generally be classified as on-axis systems, in that the 
lamp, the target, and the optical axis of the reflector are co-linear. Others may be 
20 classified as off-axis systems, in that some of the components are not on the optical 
axis 6. 
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[0004] Ellipsoid reflectors and parabolic reflectors may be used together with imaging 
lenses in on-axis projection systems. Among the useful characteristics of these 
systems is their rotational symmetry. Since an output target, e^ an optical fiber 
bundle, may also be round, the design is conceptually simplistic and intuitively 
attractive. These systems, however, suffer from lost brightness at the coupling. This 
loss of brightness degrades the overall efficiency of the projection system. 
[0005] Fig. 1 shows a related lamp/reflector configuration in which a lamp 2 is placed 
at a focus of a parabolic reflector 4. The parabolic reflector 4 collimates reflected light 
such that the light collected by the reflector 4 is parallel to an optical axis 6. A focusing 
lens 8 is used to collect the collimated beam and focus the light into a target 10. The 
configuration shown in Fig. 1 may be seen to have rotational symmetry about the optical 
axis. 

[0006] Fig. 2 shows another related lamp/reflector configuration in which a lamp 12 is 
placed at a first focus 14 of an ellipsoid reflector 16 and a target 18 is placed at a 
second focus 20. This configuration possesses rotational symmetry about an optical 
axis 22 as well. 

[0007] The configurations shown in Figs. 1 and 2 are on-axis systems, since the 
components are, in general, aligned along an optical axis. A typical intensity profile 30 
of the output of such systems is shown in Fig. 3. The output may be seen to possess 
rotational symmetry as well, with an intensity peak 32 at the center. Due to the nature of 
these two systems, however, light emitted at various angles from the lamp is magnified 
differently. The brightness of the light is thus diminished at the target. 



[0008] A collecting and condensing system such as that shown in Fig. 4, known as an 
off-axis system, may be used to produce 1:1 magnification of the light at a target. The 
system shown in Fig. 4 consists of a lamp 42, a primary reflector 44, and a target 46. A 
retro-reflector 48 may be used to increase the overall efficiency and brightness of the 
system. 

[0009] A cross-section of a collecting and condensing system using two symmetric 
parabolic reflectors is shown in Fig. 5. Light emitted from a lamp 52 is collected and 
collimated by the first parabolic reflector 54. Rays a, b, and c illustrate three possible 
paths the light may take from the lamp to a target. Ray a, which has the shortest 
distance to travel to the first parabolic reflector 54, has the highest divergence angle of 
the three. Ray c, on the other hand, has the shortest distance to travel to the first 
parabolic reflector 54 but produces the smallest divergence angle. Ray b is shown to 
be in the middle and has a divergence angle in the middle of the range. 
[0010] Rays a, b, and c are reflected at locations on the second parabolic reflector 56 
that corresponding to their reflections on the first parabolic reflector 54. The distance 
traveled by each ray from the second parabolic reflector 56 to the target 58 is thus the 
same as the corresponding distance between the lamp 52 and the first parabolic 
reflector 54. Each ray may consequently be focused onto the target 58 with similar 
divergence at each reflector. The brightness of the arc at the target is preserved as a 
result of unit magnification. Neither of the configurations shown in Figs. 4 nor 5, 
however, possess rotational symmetry about an optical axis. 



[001 1] Neither of the configurations shown in Figs. 4 nor 5 possess rotational 
symmetry. The image of the arc at the target is the image of the arc viewed from the 
side, and thus bears the same length and width as the arc itself. 
[0012] Fig. 6 shows the non-symmetrical intensity profile 60 of the image of an arc at 
the target of either of the configurations shown in Figs. 4 or 5. It would be desirable for 
a shape of a target to match the non-symmetric intensity profile of the image of the arc. 
[001 3] US Patent No. 4,757,431 , e^ , the disclosure of which is incorporated by 
reference, describes an improved condensing and collecting system employing an off- 
axis spherical concave reflector. Such a system enhances the maximum flux that 
illuminates a small target and thus the amount of flux density collectable by the target. 
US Patent No. 5,414,600, the disclosure of which is incorporated by reference, in which 
the concave reflector is an ellipsoid, and US Patent No. 5,430,634, the disclosure of 
which is incorporated by reference, in which the concave reflector is a toroid, improved 
further on this system. 

[0014] These systems provide 1:1 magnification of the light source at the target, thus 
preserving the brightness of the arc. The image of the arc, however, is presented at the 
target. Since the image of the arc is not usually circular, it does not necessarily match 
well with the target. Arcs are generally approximately elliptical in shape, and possess a 
certain aspect ratio. This aspect ratio is generally proportional to the length of the arc, 
so that longer arcs have larger aspect ratios. As a result, the image of the arc at the 
target may not be optimized for coupling into, e^ a round optical fiber or a projection 
engine. 



[0015] It may also be desirable to match the light incident on a target to the numerical 
aperture (NA) of a target. The NA of a target, e^ an output fiber, is related to the angle 
of the acceptance cone of the light being received. The NA may thus determine how 
much of the incident light is actually coupled into the output fiber. In the case of a 
projection engine, ag, the projection lens and related optical train may determine the 
NA at the light entrance. It may also be desirable for maximum collection efficiency for 
the light from the lamp to have an NA similar to that of the target. 
[0016] In Fig. 7 is shown a geometrical representation of the angles of emission of 
light from an arc lamp. The axis of the arc is assumed to be on the y-axis. The two 
emission angles are 0 X and 0 y . The angle of emission 9 X of an arc generally extends 
about 45 degrees above and below the x-z plane, while 0 y encompasses a full 360- 
degree circle around the y-axis. The light from the arc may be seen to be non- 
symmetrical when viewed from a point of view in the x-z plane. 
[0017] The light from the arc may further be seen to have an aspect ratio greater than 
one when viewed from the side, Le, from a point of view in the x-z plane. A reflector can 
be designed to capture all this light and focus it into a target. It may be desirable, 
however, for the reflector to cooperate with beam transforming optics such that when 
the collected light is coupled into the input aperture of the target it is actually useable. 
[0018] Fig. 8 shows various configurations of input apertures for a target. The input 
apertures generally have aspect ratios greater than one. The aspect ratios of the input 
apertures may thus be made to be similar to the aspect ratio of the emission area of an 
arc lamp viewed from the side. Matching an input aperture at the target to an arc, 
however, does not necessarily match it with the final output device, e^ a fiber or 



projection engine. It would be desirable, therefore, for a transforming device to 
transform the aspect ratio and the NA of the input light into a satisfactory aspect ratio 
and NA for the output device. 

[0019] Figure 9 shows the output of a typical arc lamp. The light output may be seen 
to be within a 90° angle in the direction along the axis of the lamp and 360° around the 
lamp. In using the dual paraboloid or dual ellipsoid reflector configurations with retro- 
reflectors, the focused light at the target may have a numerical aperture (NA) of 1 .0 in 
the z-direction and 0.7 in the x-direction and y-direction as shown in Figure 10. These 
coupling systems do not have a rotational symmetry and the resulting NA may be 
rectangular. 

[0020] In practice, light with such a large NA has to be transformed such that the NA 
is smaller and the area is larger following the brightness principle. Figure 1 1 shows a 
typical tapered light pipe that does such a transformation. Following the brightness 
principle, the relationship is: 
d1 X NA1 = d2 X NA2 
[0021] Normally, the light pipe is designed such that the output NAs are the same in 
both directions as shown in Fig. 12. 

[0022] Fig. 1 3 shows a three-quarter view of the light pipe shown in Fig. 1 1 . Due to 
the finite length of the light pipe, the light exiting the light pipe does not follow the 
formula exactly and the output NA is usually larger than theory would predict. Further, 
the output is generally not telecentric. 

SUMMARY OF THE INVENTION 
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[0023] In one aspect, the invention provides a NA equalizing apparatus including a 
transmission element with an input surface, in which the input surface has a first input 
dimension and a second input dimension, with the second input dimension being 
substantially orthogonal to the first input dimension, and the first input dimension may 
be substantially unequal to the second input dimension. 

[0024] In another aspect, the invention provides a NA equalizing system including a 
reflector having a first and a second focal points, with a source of electromagnetic 
radiation located proximate to the first focal point to produce rays of radiation that are 
reflected by the reflector and converge substantially at the second focal point. A 
transmission element to be illuminated with at least a portion of the electromagnetic 
radiation emitted by the source is placed so that an input surface is located proximate to 
the second focal point to collect the electromagnetic radiation. The input surface has a 
first input dimension and a second input dimension, with the second input dimension 
being substantially orthogonal to the first input dimension, and the first input dimension 
may be substantially unequal to the second input dimension. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0025] Fig. 1 : A schematic diagram of an on-axis parabolic system with condensing 
lens; 

Fig. 2: A schematic diagram of an on-axis ellipsoid system; 
Fig. 3: A diagram of an output intensity profile at the target of a typical on-axis 
system; 



Fig. 4: A schematic diagram of an off-axis system with concave primary reflector 
and a retro-reflector; 

Fig. 5 : A schematic diagram of a dual paraboloid system; 

Fig. 6: A diagram of an output intensity profile at the target of a typical off-axis 
system; 

Fig. 7: A diagram of an output angular light distribution profile of a typical arc 

lamp; 

Fig. 8: various configurations of input apertures for a target; 
Fig. 9: A three-quarter view of the light distribution from a typical arc lamp; 
Fig. 10: A diagram of a NA of light output from an arc lamp in the x and y and z- 
directions; 

Fig. 1 1 : A schematic diagram of a tapered light pipe; 

Fig. 12: A diagram of the NAs of the light output from an arc lamp in the x and y 
directions. 

Fig. 13: A three-quarter view of a tapered light pipe; 

Fig. 14: A three-quarter view of a transmission element according to a first 
embodiment of the invention; 

Fig. 15: A three-quarter view of a transmission element according to a second 
embodiment of the invention; 

Fig. 16 : A schematic diagram of a tapered light pipe with convex output surface; 

Fig. 17 : A schematic diagram of various input faces for a tapered light pipe; 

Fig. 18: a three-quarter view of a transmission element according to a third 
embodiment of the invention; 
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Fig. 19: a diagram of a NA of an octagonal light pipe; 

Fig. 20: A schematic diagram of an embodiment of the invention using an off- 
axis system with concave primary reflector; 

Fig. 21: A schematic diagram of an embodiment of the invention using a dual 
paraboloid configuration; 

Fig. 22: A schematic diagram of an embodiment of the current invention using 
the dual ellipsoid configuration; 

Fig. 23: A schematic diagram of an embodiment of the invention with a 
waveguide; 

Fig. 24: A schematic diagram of an embodiment of the invention with a fiber 
optic; and 

Fig. 25: A schematic diagram of an embodiment of the invention with a projection 
engine. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0026] In Fig. 14 is shown a NA equalizing apparatus 300 according to one 
embodiment of the invention. Apparatus 300 includes a transmission element 302 with 
an input surface 304. A first input dimension 306 and a second input dimension 308, 
with second input dimension 308 being substantially orthogonal to first input dimension 
306, may define input surface 304. First input dimension 306 may be substantially 
unequal to second input dimension 308. First input dimension 306 may be, ag^ 
substantially larger than or smaller than second input dimension 308. Input surface 304 



may have a shape such as, ejL an ellipse, a rectangle, an oval, a double circle, a 
hexagon, or an octagon. 

[0027] Transmission element 302 also has an axis 310 and an output surface 312. 
Output surface 312 may be defined by a first output dimension 314 and a second output 
dimension 316, with second output dimension 316 being substantially orthogonal to first 
output dimension 314, and second output dimension 316 being substantially parallel to 
the second input dimension 308. Output surface 312 may be substantially convex. In 
further refinements, output surface 312 may be substantially hemispherical, toroidal, 
flat, or aspherical. Output surface 312 may have a shape such as, e^ a circle, a 
rectangle, a square, a pentagon, a hexagon, or an octagon. In one embodiment a lens 
may be disposed proximate to output surface 312. 

[0028] An aspect ratio of the output surface 312 may be designed to match that of the 
application, such as, ag, a projector, which may have an aspect ratio of 3:4, or 9:16. 
[0029] Transmission element 302 may be comprised of a material such as, ag, glass, 
acrylic, silicon, plastic, or quartz. In one embodiment, transmission element 302 may 
be, ag, a hollow tube. In a preferred embodiment, transmission element 302 may have, 
e& an inner surface 326 coated with a substantially reflective coating. 
[0030] In one embodiment, input surface 304 transitions to output surface 312, in, e.g, 
a straight transition, a curved transition, a tapered transition, a parabolic transition, or a 
hyperbolic transition. 

[0031] In a preferred embodiment, first input dimension 306 and a second input 
dimension 308 substantially intersect axis 310. In this preferred embodiment, first 
output dimension 314 and a second output dimension 316 also substantially intersect 
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axis 310. A first input NA 318 may be in a plane 320 of the first input dimension 306 
and the axis 310, and a second input NA 322 may be in a plane 324 of second input 
dimension 308 and axis 310. A first output NA 328 may be in a plane 320 of the first 
input dimension 306 and the axis 310, and a second output NA 330 may be in a plane 
324 of second input dimension 308 and axis 310. 

0032] Input aperture size, aspect ratio and NA can be optimized for the output 
requirements according to the brightness principle using the relationships: 

first input dimension 306 X first input NA 318 = first output dimension 314 X first 
output NA 328; and 

second input dimension 308 X second input NA 322 = second output dimension 
316 X second output NA 330. 

[0033] In a preferred embodiment, first and second output NAs 328 and 330 are 
substantially equal in both plane 320 and plane 324. Thus: 
first output NA 328 = second output NA 330 

so 

first input dimension 306 X first input NA 318 / first output dimension 314 = 
second input dimension 308 X second input NA 322 / second output dimension. 
[0034] In this case, first ratio of a first product of first input dimension 306 and first 
input NA 318 to first output dimension 314 may be substantially equal to a second ratio 
of a second product of second input dimension 308 and second input NA 322 to second 
output dimension 316. 

[0035] First input dimension 306 may be, e^ matched to a length of an arc used as a 
source of electromagnetic radiation. Such a length, e^L may be approximately 1 .3 mm. 
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Second input dimension 308 may be, e^ matched to a width of an arc used as a 
source of electromagnetic radiation. Such a length, exu may be approximately 0.65 
mm. First input NA 318 may be, e^ 0.7, while second input NA 322 may be 1.0. 
[0036] A typical plastic optical fiber may have an NA in either direction of 0.5. To 
match the output of a transforming optic to the plastic optical fiber, then 

first output NA 328 = second output NA 330 = 0.5. 

Since 

first output NA 328 = 0.5 = first input dimension 306 X first input NA 318/first 
output dimension 314; and 

second output NA 330 = 0.5 = second input dimension 308 X second input NA 
322/second output dimension 316; then 

first output dimension 314 = first input dimension 306 X first input NA 318/0.5; 

and 

second output dimension 316 = second input dimension 308 X second input NA 
322/0.5. 

So, filling in terms, 

first output dimension 314 = (1 .3mm)(0.7)/ 0.5 = 1 .82 mm 
second output dimension 316 = (0.65 mm)(1.0)/0.5 = 1.3 mm. 
[0037] In Fig. 15 is shown a three-quarter view of a transforming optic with a 
rectangular input aperture and a circular output aperture suitable for coupling into a 
circular output fiber. For a typical short arc lamp, length of the arc may be, e^ 1 3 mm, 
and the width of the arc may be approximately 0.65 mm. The image of the arc at a 
target, such as an input to a transforming optic, may have a horizontal size of 0.65 mm 
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and NA of 1 .0, and a vertical size of 1 .3 mm and NA of 0.7. The input end may be, e.g. 
rectangular or oval in shape. 

[0038] For coupling into a large core fiber using a lamp with longer arc, the 
relationships can be scaled. For example, for an output fiber 12 mm in diameter, use a 
scaling factor of 6.6. In this case, the length of the arc can be as long as 8.6 mm. In 
practical implementations, the arc may not be confined within the described area. As a 
result, a margin may be needed for efficient coupling. 

[0039] For another example, consider a projector system with a 3: 4 aspect ratio and 
an NA of 0.5 in either direction. An output aperture of 4 mm and 3 mm in the horizontal 
and vertical directions, respectively, would give such an aspect ratio. In this case the 
respective NAs at the output are 0.1625 and 0.3033, which do not match well. If, 
however, the axes were rotated giving an output aspect ratio of 4 : 3, the respective 
NAs at the output would be 0.2167 and 0.2275, which are very close to each other and 
would couple efficiently through the projector system. 

[0040] For another example, an aspect ratio of 16 : 9, the respective NAs at the 
output are 0.0406 and 0.101 1 . For an aspect ratio of 9 : 16, the respective NAs at the 
output are 0.0722 and 0.0569. 

[0041] Fig. 16 shows an improvement to bring the output back to be telecentric using 
a convex surface at the output. Although the NAs shown in Fig. 12 are equal in the 
horizontal and the vertical directions, the diagonal direction has a larger NA which, when 
coupled into a rotationally symmetric device, results in loss. 

[0042] Fig. 17 shows various configurations of input surfaces that can be used. Fig. 
17 (b) shows an elliptical input surface that would improve the transformation such that 
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is •. 



the diagonal NA issue may be greatly reduced or removed. An octagonal input surface 
may also be used as shown in Fig. 17 (c). 

[0043] Fig. 1 8 shows a three-quarter view of an octagonal input light pipe. The output 
surface is shown flat in the diagram, although the output surface could be convex to 
improve the telecentricity of the output. 

[0044] Fig. 1 9 shows the output NA of the system where the NA is constant in all 
directions and ,as a result, would be very lossy when coupled into a rotationally 
symmetric system. The intensity profiles of most lamps are not rectangular. Instead, 
they are generally elliptical. As a result, the loss from removing the comers of the 
rectangle at the input surface to produce an ellipse or an octagon may be very small 
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0 compared to the loss due to the larger diagonal NA. 



[0045] The input surface as described may be elliptical or octagonal. Any number of 
• ^ sides may be used. For example, 12 sides can be used to approximate the ellipse 

W better. 
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1 |j [0046] In Fig. 20 is shown a NA equalizing system 400 according to another 

embodiment of the invention. System 400 includes a reflector 402 having a first and a 
second focal points 404, 406. A source of electromagnetic radiation 408 may be 
located proximate to first focal point 404 to produce rays of radiation 410 that are 
reflected by reflector 402 and converge substantially at second focal point 406. Source 

20 408 may be, agL a light-emitting arc lamp, such as a xenon lamp, a metal halide lamp, 
an HID lamp, or a mercury lamp. In another embodiment, source 408 may be, e^g, a 
filament lamp. 
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[0047] Reflector 402 may be, e^ at least a portion of a substantially ellipsoid surface 
of revolution, at least a portion of a substantially toroidal surface of revolution, or at least 
a portion of a substantially spheroidal surface of revolution. Reflector 402 may have a 
coating that reflects only a pre-specified portion of electromagnetic radiation spectrum, 
such as, ag, only visible light radiation, a pre-specified band of radiation, or a specific 
color of radiation. 

[0048] A transmission element 412 to be illuminated with at least a portion of 
electromagnetic radiation 410 emitted by source 408 may be placed with an input 
surface 414 located proximate to second focal point 406 to collect electromagnetic 
radiation 410. A first input dimension and a second input dimension, with second input 
dimension being substantially orthogonal to first input dimension, may define Input 
surface 414. First input dimension may further be substantially unequal to second input 
dimension. 

[0049] In one embodiment, a portion of electromagnetic radiation 410 emitted by 
source of electromagnetic radiation 408 impinges directly on reflector 402 and a portion 
of electromagnetic radiation 410 does not impinge directly on reflector 402. System 400 
may further include an additional reflector 420 constructed and arranged to reflect at 
least part of portion of electromagnetic radiation 410 that does not impinge directly on 
reflector 402 toward reflector 402 through first focal point 404 of reflector 402 to 
increase a flux intensity of converging rays 410. Additional reflector 420 may be, e^ a 
spherical retro-reflector disposed on a side of source 408 opposite reflector 402 to 
reflect electromagnetic radiation 410 emitted from source 408 in a direction away from 
reflector 402 toward reflector 402 through first focal point 404 of reflector 402. 
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[0050] In a further embodiment, shown in Fig. 21 , reflector 402 may be composed of 
a first reflector 422 having a first optical axis 424 and a second reflector 426 having a 
second optical axis 428. First focal point 404 may be a focal point of first reflector 422 
on first optical axis 424, while second focal point 406 may be a focal point of second 
reflector 426 on second optical axis 428. Second reflector 426 may be disposed 
substantially symmetrically to first reflector 422 such that first optical axis 424 may be 
collinear with second optical axis 428. First and second reflectors 422, 426 may be, 
e^g, at least a portion of substantially paraboloid surfaces of revolution. In an alternative 
embodiment, shown in Fig. 22, first and second reflectors 422, 426 may be, e& at least 
a portion of substantially ellipsoid surfaces of revolution. 

[0051] In further embodiments, first reflector 422 may be, e^ at least a portion of a 
substantially hyperboloid surface of revolution while second reflector 426 may be, e^g, 
at least a portion of a substantially ellipsoid surface of revolution. Or, in the alternative, 
first reflector 422 may be, e^ at least a portion of a substantially ellipsoid surface of 
revolution while second reflector 426 may be, e^ at least a portion of a substantially 
hyperboloid surface of revolution. 

[0052] In a further embodiment, shown in Fig. 23, a waveguide 430 may be disposed 
proximate to transmission element 412 to collect electromagnetic radiation 410. 
Waveguide 430 may be, e& a single core optic fiber, a fiber bundle, a fused fiber 
bundle, a polygonal rod, a hollow reflective light pipe, or a homogenizer. Waveguide 
430 may have, ag, a cross-section such that waveguide 430 is a circular waveguide, a 
polygonal waveguide, a tapered waveguide, or a combination thereof. Waveguide 430 
may be made of, ag, quartz, glass, plastic, or acrylic. 
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[0053] In a further embodiment, shown in Fig. 25, a fiber optic 432 may be disposed 
proximate to transmission element 412, fiber optic 432 being illuminated by radiation 
410 collected at transmission element, fiber optic 432 releasing collected radiation 410 
to provide for illumination at a desired location. 

[0054] In a further embodiment, shown in Fig. 26, a condenser lens 434 may be 
disposed proximate to transmission element 412. An image projection system 436 
disposed proximate to an output side 438 of condenser lens 434 may then receive 
electromagnetic radiation 410 collected and condensed at transmission element 412, 
and consequently releasing collected and condensed radiation 410 to display an image 
440. 

0055] While the invention has been described in detail above, the invention is not 
intended to be limited to the specific embodiments as described. It is evident that those 
skilled in the art may now make numerous uses and modifications of and departures 
from the specific embodiments described herein without departing from the inventive 
concepts. 
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